ABSTRACT Experiments were conducted to assess the combined effects of host plant resistanct' in Apium graceolens and Bacillus thuringiensis insecticides on damage caused by the beet armyworm, Spodoptera exigl1a (Hiibner), and the cabbage looper, TricllOplusia ni (Hubner), under field conditions. The celeriac, A. graveolens variety rapaceu11l, cultivar 'PI 357333' had significantly less feeding damage tllan another celeriac, cultivar, 'PI 223333'. Celeriac cll\tivars had fewer petioles with lepidopteran feeding damage compared with celery, A. graveolens variety dulce, cllitivars. When B. thuringiensis treatments significantly reduced feeding damage, the combined effect of host plant resistance and B. thuringiensis was additive, suggesting that these are compatible pest management tactics.
HOST PLANTRESISTANCE to insects can be an effective pest management tactic when used alone, or when used in combination with other pest management tactics (Painter 1951 , Adkisson and Dyck 1980 , Smith 1989 . When host plant resistance is uspd in combination with other pest management tactics, such as insecticides or biological control, it is commonly assumed that the tactics are compatible (Ber?; man and Tingey 1979, Kogan 1982) .
Commercial formulations of the toxins produced by Bacillus thurillgiellsis Berliner are an important component of integrated pest management programs because of their toxicity to a number of important lepidopterous pests and their low toxicity to nontarget organisms including beneficial insects (Tmmble 1990) . Studies of the interaction between allelochemicals implicated as host plant resistance factors and B. thurillgiensis have demonstrated compatible (Felton and Dahlman 1984 , Lu!um et al. 1992 , Tnunble et al. 1991 , Sivamani et a1. 1992 , Meade et aI. 1994 and incompatible interactions (Krischik et al. 1988 , Navon et al. 1993 ). The few studies in which this interaction has been studied using resistant plant genotypes have shown them to be compatible (Creighton et al. 1975 (Creighton et al. , 1981 Bell 1978; Kea et al. 1978; Schuster et a1. 1983; Meade and Hare 1994) .
Although the interaction between host plant resistance and natural enemies is commonly described as "compatible", Hare (1992) states that this term has been applied loosely and that the tCurrl'nt addn'ss: Dl'partmt'llt of Entomology, 321 Agriculture Building, Univt'rsity of Arkansas, Fayt'ttl'ville, AR 72701. combined effects of host plant resistance and other pest management tactics fall into 3 basic categories. The combined effects are additive when the reduction in pest density from the tactics used in combination can be predicted from the effect of each tactic alone (the factors are independent). The combined effects are synergistic when the reduction in pest density from the tactics uscd in combination is greater than that predicted from each tactic alone. The combined effects are antagonistic when the reduction in pest density from the tactics used in combination is less than that predicted from each tactic alone. From a practical standpoint, host plant resistance is compatible with other pest management tactics when the combined effects are either additive, synergistic, or mildly antagonistic and incompatible when the combined effects are severely antagonistic (Hare 1992 ).
Celery, Apium graveolens variety dulce, is a major crop in California with >8,800 ha in production and an annual value exceeding $180 million (Anonymous 1989). The beet armyworm, Spodoptera exigua (Hubner), and the cabbage looper, Trichoplusia ni (Hubner), are important pests of c:ommercially grown celery in California. The damage caused by these pests is primarily cosmetic and the economic injury threshold is low (2-3 third or later instars per 100 plants, Van Steenwyk and Toscano 1981) . Effective and efficient sampling for lepidopterous larvae is destructive. This, coupled with the low economic injury threshold, forces most growers to rely on prophylactic applications of broad spectrum insecticides (an average of 7.6 applications in a 13-wk growing season, Eickhoff et al. 1990 ). Frequent applications of pesticides in celery commonly produce outbreaks of a secondary pest, Liriomyza trifolii (Burgess) (Diptera: Agromyzidae) (Trumble 1990) . Finding new approaches to control S. exigua that minimize insecticide inputs and the disruption of the natural enemy complex of L. trifolii has been identified as a critical goal in the development of an effective integrated pest management program for celery (Trumble 1990) .
In a previous study (Meade and Hare 1991) , a number of A. graveolens cultivars were screened for resistance to S. exigua and T ni. There were large differences in the suitability of 2 celeriac, A. graveolens variety rapaceum, cultivars, USDA plant introduction numbers 223333 and 3.'57333 (hereinafter referred to as 'PI 223333' and 'PI 357333') , for the survival and growth of S. exigua and T ni (Meade and Hare 1991) . A subsequent study (Meade and Hare 1994) found that the suitability of field-grown foliage from the 2 celeriac cultivars for S. exigua and T ni growth varied seasonally and that the combined effects of host plant genotype and B. thuringiensis on S. exigua and T ni survival and growth were generally additive (they were independent). For S. (Meade and Hare 1994) .
All of the bioassays in the aforementioned studies W('f(' conducted in the laboratory with fieldgrown foliage, Here, we evaluated the effectiveness of resistance, previously identified in the laboratory, under field conditions.
We also evaluated the interaction between host plant resistance and B. thuringiemis in the field. The specific goals of this study were (1) to determine if PI 357333 was mOf(> resistant to lepidopteran feeding tllan PI 223333 and 2 commercial celery cultivars and (2) to assess the combined effect of host plant cultivar and B. thuringiensis insecticides on lepidopteran damage.
Materials
and Methods
Plants.
Seeds of the 2 celeriac cultivars, PI 223333 and PI 357333, and the 2 celery cultivars, 'Tall Utah 5270R' and 'Tall Utah 5270HK', were germinated in silica sand and maintained in a greenhouse as described by Meade and Hare (1991) . Plants were moved from the greenhouse at ----'$. the University of California, Riverside to a lathhouse at the University of California's South Coast Research and Extension Center (SCREC) in Irvine, CA, =2 wk before tnmsplanting-to the field.
Field Plot. All trials were conducted at SCREC which is located in a coastal valley in the southep art of the state. Plants were transplanted to preirrigated beds (1.02 m wide, 2 rows per bed) on 14 August 1991, 28 April 1992, 17 August 1992, and 26 April 1993. Plants were sprinkler irrigated immediately after transplanting and drip irrigated thereafter. Plants were fertilized through the irrigation system using fertilization and irrigation schedules consistent with local commercial celery production practices (Sims et al. 1977) , Field plots were 4 beds wide and 85 m long, They were divided into 4 blocks (each 4 beds wide) and, because the number of treatments increased after the 1st trial, the size of the blocks increased (from 11 to 15 m in length) and the spacing between blocks decreased (from 8.2 to 4.2 m) in subsequent trials. The blocks on either end of the plot were set back 8.7 m from the end of the beds in the 1st trial and 6.2 m in the subsequent trials. Each block was subdivided into 10 (1st trial) or 14 (subsequent trials) main plots; each 4 beds wide and 1.1 m long, The plants in each main plot were planted 0.23 m apart so that the distance between plants in adjacent main plots was~0,77 m, Each main plot was subdivided into 4 subplots, corresponding to the 4 beds. Each subplot was planted with 4 plants of a single cultivar. The order of cultivars planted to subplots was rotated.
Bacillus thuringiensis Treatments. The B. thuringiensis treatments were Dipel 2X (Abbott, Chicago, IL), Javelin (Sandoz, Des Plaines, IL), and MVP Bioinsecticide (Mycogen, San Diego, CA). We selected Dipel 2X and Javelin because they are widely used B. thuringiensis formulations. We selected MVP Bioinsecticide because of reports that its microencapsulated formulation provided enhanced field persistence (Gelernter 1990, Gelernter and Schwab 1993) .
Treatments were assigned randomly to the main plots in each block and were applied at weekly intervals starting~2 (1st trial) and 4 wk (subsequent 1990) . Treatments were applied using a backpack sprayer operated at 276 kPa at a rate of 280 liters/ ha. In the 1st trial, treatments were applied using a single overhead nozzle (D3 orifice disk, #2.'5core, and 50 mesh screen). In subsequent trials, treatments were applied using 1 overhead and 2 drop nozzles, arranged at a 45°angle to the abaxial leaf surface.
. Each treatment was applied at 3 rates: the recommended label rate for S. exigua (Dipel 2X = 1.40 kglha, Javelin = 4.94 kg/ha, and MVP = 4.48 liters/ha), the recommended rate for T ni (DipeI 2X = 0.56 kglha, Javelin = 0.56 kg/ha, and MVP = 2.34 liters/ha), and 1/2 the recommended rate for T ni (Dipel 2X = 0.28 kg/ha, Javelin = 0.28 kglha, and MVP = 1.17 liters/ha). All treatments were applied in water containing a spreader/sticker (0.03% Triton B-1956, Rohm and Haas, Philadelphia, PA) and the control treatment was water with spreader/sticker only. Data Collection. Plants were examined weekly for the presence of S. exigua and T ni larvae and eggs starting when the 1st B. thuringiensis applications were made and continuing to harvest. In the 1st trial, 320 plants (2 plants from each subplot, 80 plants from each cultivar) were examined each week while in the subsequent trials, 224 plants (1 plant from each subplot, 56 plants from each cultivar) were examined weekly.
At harvest, the mass of all above-ground tissues and the presence or absence of petioles with lepidopteran feeding damage were assessed for every plant. The presence or absence of foliar damage was assessed for PI 223333 and PI 357333 in the trials conducted in 1992 and 1993. We did not assess the presence or absence of foliar damage for the celery cultivars because preliminary observa- tions indicated that foliar damage was present in virtually all of these plants. Statistical Analyses. The proportion of plants with T. ni eggs from the weekly inspections were anal}"'J:t'd using a 2-factor (cultivar X B. thuringiensis trt'atment) repeated measures analysis of varianct' (ANOVA) because the same plants were inspectt'd t'ach week (SAS Institute 1989), S. exigua l:'ggmasses and larvae were found infrequently and tlwrt'fore were not analyzed, Plant mass, the proportion of plants with damaged petioles, and the proportion of plants witll damaged foliage were anal}"'J:ed using a 2-factor (cultivar x B. thuringiensis treatment) ANOVA for each B. thuringiensis application rate. The model for a randomized complPte block, split-plot design was used, so that the block and B. thuringiensis treatment (main plot) mean squares were tested over the block * B. thuringiensis treatment interaction mean square and the cultivar and B. thuringiensis treatment * cultivar interaction mean squares were tested over the block * B. thuringiensis treatment * cultivar interaction mean square (Steel and Torrie 1980) . The angular transformation was applied to all proportions and the logarithmic transformation to plant mass before analysis.
Significant differences among cultivars and B. thuringiensis treatments were assessed using orthogonal sets of single degree of freedom contrasts (SAS Institute 1989). Treatment contrasts were constructed to assess differences between control and B. thuringiensis treated plants, between the 2 widely used B. thuringiensis formulations (Javelin and Dipe!) and the product with reported greater field persistence (MVP Bioinsecticide), and between Javelin and Dipe\. Cultivar contrasts were constructed to assess differences between celery and celeriac and between the cultivars within each variety,
Results and Discussion
Over all cultivars, the proportion of plants with T. ni eggs varied over time in all but the spring 1993 trial (fall 1991; F = 74.60; df = 11, 297; P ::; 0.0001, spring 1992: F = 22.14; df = 7, 189; P ::; 0.0001, fall 1992: F = 10.03; df = 7, 189; P ::; 0.0001, spring 1993: F = 1.95; df = 7, 189; P = 0.0640, Fig. 1 ). In the fall 1991 and spring 1992 trials, the number of plants with T. ni eggs peaked in the 1st half of the season, whereas in the fall 1992 trial, the proportion of plants with T. ni eggs was greater and remained high through most of the season (Fig. 1) . The proportion of plants with T. ni eggs differed among cultivars in all but the spring 1993 trial (fall 1991: F = 18.06; df = 3, 27; P ::; 0.0001, spring 1992: F = 8.86; df = 3, 27; P = 0.0003, fall 1991: F = 3.82; df = 3, 27; P = 0.0210, spring 1993: F = 0.41; df = 3, 27; P = 0.7500; Fig. 1 ) with the fewest eggs laid on PI 357333, the cultivar identiRed as least suitable for larval survival and growth in the laboratory. The proportion of plants with T. ni eggs did not differ signiRcantly among B. thuringiensis treatments (fall 1991: F = 1.21; df = 9, 27; P = 0.3288, spring 1992: F = 1.89; df = 9, 27; P = 0.0966, fall 1992: F = 0.54; df = 9, 27; P = 0.8357, spring 1993: F = 1.06; df = 9, 27; P = 0.4218); therefore, the data in Fig. 1 were pooled across B. thuringiensis treatments.
Larvae of both species were found infrequently with the exception of a severe infestation of S. exigua during early spring in 1993 (Figs. 2 and 3) . No consistent differences in the presence of larvae were observed among cultivars or B. thuringiensis treatments. The data for larval infestations are not shown for the fall 1992 trial because only 4 larvae were found (2 S. exigua and 2 T. ni). The data for S. exigua egg masses are not shown because few egg masses (::; 3) were found in each trial.
The data taken when the plants were harvested were similar at each of the B. thuringiensis application rates. As the B. thuringiensis application rate increased, damage did not decrease and plant mass did not increase. Therefore, we present only results from the application rate typically used by commercial celery producers, that for S. cxigua.
Foliar damage was signiRcantly lower on PI 357333 than on PI 223333, in both the spring and fall of 1992 and in the spring of 1993 (Tables 1  and 2 ). The B. thuringiensis treatments reduced foliar damage compared with the control in the spring and fall 1992 trials but not in the spring 1993 trial (Tables 1 and 2 ). In the fall 1992 trial, plants treated with Dipel had less foliar damage than those treated with Javelin (Tables 1 and 2 ).
The proportion of plants with damaged petioles differed between A. graveolens varieties but not among B. thuringiensis treatments (Tables 3 and  4) . Celeriac had signiRcantly less damage to petioles than celery in all trials except in the spring 1993 trial (Tables 3 and 4) . Within each A. graveolens variety, there were no signiRcant differences in the number of damaged plants (Tables 3 and 4) . In all trials, the B. thuringiensis treatments did not reduce the number of plants with damaged petioles compared witll the control. However, in the fall 1992 trial, the B. thuringiensis treatments were more effective on 5270HK and PI 357333 than on 5270R and PI 223333 (producing a signiRcant B. thuringiensis treatment * cultivar interaction) (Tables 3 and 4). In all other cases, the combined effects of cultivar and B. thuringiensis treatment were additive (lack of a signiRcant B. thuringiensis treatment * cultivar interaction, Table 3 ).
Plant mass differed between A. graveolens varieties and between cultivars within each variety but not among B. thuringiensis treatments (Tables  5 and 6 ). The celery cultivars were larger than the celeriac cultivars in all but the spring 1993 trial (Tables 5 and 6 ). Within the celery cultivars, plants of 5270HK were signiRcantly larger than those of 5270R in the fall 1991 trial whereas in the 1992 trials, the opposite was tme (Tables 5 and 6 ). Kld. nwan n·pn·St'nts 4 obs"lVations (1 obselVation per block).
Tlwre was no significant difference in mass bet\wen the celery cultivars in the spring 1993 trial (Tables 5 and 6 ). In the fall 1991 and spring 1992 trials. PI 223333 was significantly larger tllan PI 357333, whereas the opposite was true in the sprin?; 1993 trial (Tables 5 and 6 ). There was no significant difference in size between celeriac cultivars in the fall 1992 trial (Tables 5 and 6 The B. thllrtngiensis treatments had no significant effect on phmt mass. In all but 1 case, the interaction betweE'n A. graveolens cultivars and B. thurtngiensis treatments was not significant, indicating that the combined effects of these factors were additive. In all but 1 case, the comparisons between B. thllrtngiensis formulations were not significant.
Our results dE'll1onstrate that the host plant resistance we previously indentified using laboratory bioassays (Meade and Hare 1991) was effective in the field. They also indicate that in these trials, host plant resistance and B. thuringiensis were compatible (sensu Hare 1992) pest management tactics. These results are consistent with previolls studies conducted in the laboratory (Meade and Hare 1994) and with other studies that have evaluated the combined effects of host pIant resistance and B. thuringiensis (Creighton et aJ. 1975 (Creighton et aJ. , 1981 Bell 1978; Kea et al. 1978; Schuster et al. 1983) .
The assumption that host plant resistance and B. thurtngiensis are always compatible must still be approached with caution, however, because relatively few studies have rigorously assessed their compatibility and because the potential for incompatibility between host plant resistance and B. thuringiensis has been demonstrated. Krischik et a!. (1988) found that the alkaloid nicotine, a plant a]-lelochemical toxic to many herbivores, significantly reduced larval mortality of a nicotine adapted herbivore, Manduca sexta (L.), from a commercial B. thuringiensis formulation. More recently, Navon et al. (1993) found that condensed tannin from cotton not only reduced the feeding of neonate Heliothis virescens (F.) , but also reduced the mortality caused by the CryIA(c) a-endotoxin from B. thuringiensis subsp. kurstaki strain HD-73.
Host plant resistance and B. thuringiensis are attractive alternatives to broad spectmm, synthetic insecticides because they they can be effective against pest species and generally have a much lower effect on nontarget organisms (Kogan 1982) . However, the combined use of these tactics will be effective only when they are compatible. The compatibility of the host plant resistance we have identified and B. thuringiensis suggests that their combined use in celery pest management would not only reduce damage caused by primary pests but would also reduce the likelihood of secondary pest outbreaks by minimizing the disruption of the natural enemy complex controlling secondary pests.
